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Materials and Methods
The reported experiments were performed using a triply differentially pumped continuous supersonic molecular beam source coupled to an ultra-high vacuum (UHV) surface scattering chamber (S1) with base pressure of 5 x 10 -11 mbar. Gas mixtures were prepared by seeding CH 4 (99.9995% purity) or CD 3 H (98% purity) in H 2 (99.9999% purity) or He (99.9999% purity). Prior to being expanded, the gas mixtures were passed through a getter trap (Supelpure-O, Supelco) in order to remove residual H 2 O, O 2 , CO and hydrocarbon impurities. A molecular beam was isolated using a 1 mm diameter skimmer from a supersonic jet expansion formed by expansion through a temperature controlled 50 μm diameter nozzle using 3 bar of backing pressure.
All CD 3 H(ν 1 ) reactivity measurements used a nominal gas mixture of 3.6% CD 3 H in He with a nozzle temperature of 373 K resulting in a molecular beam speed of 1895±19 m/s or translational energy of 34 kJ/mol. CH 4 (ν 3 ) depositions employed a nominal gas mixture of 12% CH 4 in H 2 with a nozzle temperature of 323 K. These conditions produced a molecular beam with velocity of 2056±21 m/s or translational energy of 34 kJ/mol. The molecular beam impinged at normal incidence on a nickel single crystal sample cut to within 0.1° of its (100) plane. Before each deposition experiment, the Ni(100) surface was cleaned by a combination of Ar + ion sputtering (1000 eV kinetic energy) and annealing to 1000 K. The surface cleanliness was verified by Auger electron spectroscopy. All molecular beam deposition experiments were conducted at a surface temperature of 473 K.
Quantum state-preparation and alignment of methane was done by excitation of specific rovibrational transitions with 500-1000 mW of single mode continuous-wave infrared light near 3.3 μm generated as the idler output of a tunable optical parametric oscillator (Argos model 2400, Lockheed Martin Aculight Corp.). 10-20% of the infrared power was split off and retro-reflected through a 1.6 m absorption cell filled with 30-100 μbar of methane (CH 4 or CD 3 H) in order to detect a Doppler free saturation feature (S2) (Lamb dip) which was used for stabilization of the OPO frequency. By locking to the 1.5 MHz FWHM Lamb dip, the laser frequency was actively stabilized to better than 1 MHz in order to maintain resonance with a rovibrational transition in the molecular beam. The remaining OPO idler power was used to excite methane molecules in the molecular beam by rapid adiabatic passage (RAP) (S3) . The long term stability (> 1 hour) of the frequency stabilization was verified by an IR wavemeter and by detecting the laser excited methane molecules in the molecular beam using a pyroelectric detector. (Fig.1) . We use a cylindrical lens with +25.4 cm focal length placed at a distance of 36 cm from the molecular beam.
We determined the initial rotational population in the 12% CH 4 in H 2 molecular beam to be 31% in J=0, 45-52% in J=1 and 17-22% in J=2 from the asymptotic pyroelectric detector signal at high excitation laser power which corresponds to a rotational temperature of 12±3 K. (100) were measured using Auger electron spectroscopy detection of the surface bound carbon reaction product as described previously (S1,
S4).
Effect of nuclear hyperfine depolarization on the alignment . S4 shows the alignment produced in the vibrationally excited state by excitation via the R-, P-, and Q-branch transitions (Fig. S3 ). For the R(0) excitation, which produces the strongest alignment, CH J J 4 (ν 3 =1) is prepared specifically in the J=1, M=0, level aligning J perpendicular to the polarization axis Z. R(1) excitation at high laser power leads to equal population in the J=2, M=0 and ±1 levels without populating the J=2, M=±2, levels. This corresponds again to a preferential alignment of J perpendicular to the polarization axis but to a lesser degree than produced by R(0) excitation. On the other hand, Q(1) excitation populates equally the J=1, M= ±1 sublevels but transfers no population to J=1, M=0 and therefore aligns J preferentially parallel to the quantization axis. Finally, P(1) excitation prepares CH 4 (ν 3 =1) with J=0, M=0 the only allowed level for J=0, resulting in no alignment of J . In an oriented sample, has a preferred direction, either parallel or antiparallel to Z, due to unequal populations of the +M and -M levels. An aligned sample is characterized by a anisotropic population of the |M| levels such that J J is aligned either parallel or perpendicular to the quantization axis (Fig. S4 ). Excitation by linearly polarized light obeys a ΔM=0 selection rule, exciting levels with positive and negative M values indistinguishably and creates an aligned ensemble of molecules. Oriented samples of molecules can be prepared by excitation with circularly polarized light due to the ΔM= ±1 selection rule but this has not been used here.
The degree of angular momentum alignment created by linearly polarized laser excitation can be described quantitatively using the alignment coefficient
A , which describes the ensemble average of the angle θ between J and the quantization axis:
A is the second order expansion coefficient in an expansion of any cylindrically symmetric angular distribution in terms of the Legendre polynomials P l (cosθ): A , the probability of finding J at angle θ from the polarization axis is given by: A coefficients becomes more complicated because the laser power dependent M"-level populations need to be taken into account.
The condition of weak optical pumping is not satisfied in our experiments because the excitation by rapid adiabatic passage results in a complete population transfer from the initial M"-levels to the optically accessible final M-levels of the excited J-state. Fortunately, for excitation via P(1), Q(1), and R(0), the optical transitions all originate from a single |M"| level which reduces the sum over M"-levels to a single term and therefore the expressions given by Zare and coworkers remain valid for these three transitions even for strong optical pumping. In other words, the alignment produced for P(1), Q(1), and R(0) excitation is simply a result of the ΔM=0 selection rule which remains valid for excitation by rapid adiabatic passage. Here CH 4 (ν 3 ) has been treated as a symmetric top with unresolved K-structure, as the Klevels of a given J-state are degenerate in a spherical top. The 'figure axis' of CH 4 (ν 3 ) has been considered to be the axis containing the net vibrational C-H stretch amplitude.
For the R(1) transition of CD 3 H, we also calculated β axis for the case of resolved Kstructure (Fig. S8) , as we were able to resolve the K-structure in the excitation of CD 3 H(ν 1 ) and excited separately transitions with J"=1, K"=0 and J"=1, K"=1. 
